This article is available online at http://www.jlr.org G protein-coupled receptor predominantly coupled to Gsmediated activation of adenylyl cyclase ( 1-3 ). The human (h)IP is subject to complex post-translational lipid modifications ( 4, 5 ) and to regulation by a range of interacting proteins ( 6-10 ). For example, it undergoes agonist-induced internalization through a Rab5a-dependent mechanism, with subsequent recycling to the plasma membrane involving a direct interaction between the human prostacyclin receptor (hIP) and Rab11a to dynamically regulate the cellular responses to prostacyclin in vivo ( 6, 7, 9 ) . The hIP also directly interacts with the HDL receptor/scavenger receptor class B type 1 adaptor protein "PDZ domaincontaining protein 1 (PDZK1)," and this interaction is essential for prostacyclin-induced endothelial cell migration and in vitro angiogenesis ( 8 ).
Luciferase-based genetic reporter plasmids
The plasmid pGL3B:PrmIP, encoding PrmIP ( Ϫ 2449 to Ϫ 772, relative to the translation start codon at +1) from the human prostacyclin receptor (I Prostanoid [IP]) in the pGL3Basic reporter vector, in addition to pGL3B:PrmIP1, pGL3B:PrmIP2, pGL3B:PrmIP3, pGL3B:PrmIP4, pGL3B:PrmIP5, pGL3B:PrmIP6, pGL3B:PrmIP6 Sp1* , pGL3B:PrmIP6 PU.1* , pGL3B:PrmIP6 Oct-1* , and pGL3B:PrmIP7 were previously described ( 42 ) . Site-directed mutagenesis of the SRE ( Ϫ 937) from tgcTCACcc to tgc C CACcc was carried by the Quik-Change TM method (Agilent) using pGL3B:PrmIP6 or pGL3B:PrmIP6 Sp1* as a template and primers Kin784 (5 ′ -d GAAATGAAAAAGCTGGGGTG G GCAGGCAAGCT-GAGGAGG-3 ′ ) and complementary Kin785 to generate pGL3B:PrmIP6 SRE* or pGL3B: PrmIP6Sp1*/SRE* , respectively. The fidelity of all plasmids was confi rmed by DNA sequence analysis.
Real-time PCR analysis
Total RNA was isolated using TRIzol reagent (Invitrogen Life Technologies) from 1° HUVECs, HEL 92.1.7, and EA.hy926 cells that had been serum starved overnight and then cultured for 24 h in NS, LCS, or HCS and/or ActD (10 µg/ml) or CHX (20 µg/ml) as indicated. DNase 1-treated total RNA was converted to fi rst-strand (1°) cDNA with MMLV RT (Promega). For semiquantitative RT-PCR, primers were designed to specifi cally amplify hIP mRNA sequences 5 ′ -dGAAGGCACAGACGCACGGGA-3 ′ (Nu Ϫ 57 to Ϫ 37; Kin264) and 5 ′ -dGGCGAAGGCGAAGGCATCGC-3 ′ (Nu 294-275; Kin266) or, as an internal control, to amplify glyceraldehyde-3-phosphate dehydrogenase (GA3 ′ PDH) mRNA (5 ′ -dTGAAGGTCGGAGTCAACG-3 ′ ; Nu 527-545; Kin291) and (5 ′ -dCATGTGGGCCATGAGGTC-3 ′ ; Nu 993-976; DT92). All mice display increased tendency toward thrombosis, intima hyperplasia, atherosclerosis, and restenosis (24) (25) (26) (27) (28) , whereas endothelial progenitor cells (EPCs) from IP Ϫ / Ϫ null mice fail to undergo re-endothelialization in response to vascular injury, highlighting the central role of the IP in limiting neointima hyperplasia/restenosis ( 29 ) . Interestingly, the female hormone estrogen enhances the expression of cyclooxygenase (COX)1, COX2, and prostacyclin synthase, resulting in a 6-fold increase in systemic prostacyclin levels ( 30, 31 ) . Furthermore, the atheroprotective effects of estrogen seen in female LDL receptor-null mice (LDLR Ϫ / Ϫ ) are abrogated in double LDLR Ϫ / Ϫ
/IP
Ϫ / Ϫ knockout mice ( 30 ) . Collectively, these latter fi ndings strongly suggested that some of the cardioprotective effects of estrogen are mediated through the IP ( 30, 31 ) . Consistent with this, we recently discovered that expression of the hIP gene is upregulated by estrogen through a transcriptional mechanism involving binding of the estrogen receptor (ER) ␣ , but not ER ␤ , to a highly conserved estrogen response element identifi ed within the hIP promoter ( 32 ) . The clinical benefi ts of low plasma LDL-cholesterol in the prevention of coronary artery disease are also widely recognized and can, in part, be accounted for by improvements in endothelial-dependent vasodilation by prostacyclin and nitric oxide ( 33 ) . For example, statins yield pleiotropic benefi cial effects not associated with their cholesterol-lowering properties ( 34, 35 ) , most notably improved cerebral blood fl ow associated with enhanced nitric oxide generation ( 36, 37 ) . In terms of prostacyclin, reductions in LDL-cholesterol increase prostacyclin generation in ECs by transcriptional up-regulation of COX2, but not COX1 or prostacyclin synthase, and occurs through binding of the cholesterol-responsive transcription factor sterol response element binding protein (SREBP) to a sterol response element (SRE) within the COX2 promoter ( 38, 39 ) . The fi nding that reduced LDL-cholesterol selectively modulates COX2 expression without corresponding changes in COX1 or prostacyclin synthase levels led us to hypothesize that the increased COX2-derived generation of prostacyclin may be accommodated by and/or, in theory, may be further benefi ted if there were a corresponding up-regulation of IP expression levels.
Hence, the overall aim of this study was to establish whether alterations in cholesterol levels regulate expression of the hIP. Herein, it was established that depletion of cholesterol led to signifi cant increases in IP gene expression in cultured vascular ECs and in platelet-progenitor human erythroleukemic (HEL) cells and that this occurred through binding of SREBP1a, but not SREBP2, to a highly conserved SRE cis -acting element discovered within the core hIP promoter. Collectively, the data provide compelling evidence that the hIP gene is a bone fi de target for regulation by the cholesterol-responsive transcription factor SREBP1a within the vasculature and thereby presents additional mechanistic insights into the potential cardio-protective actions of reduced serum cholesterol through its ability to regulate the synthesis and actions of prostacyclin, through its transcriptional regulation of COX2 ( 39 ) and of the IP, respectively. and then stimulated with vehicle (V; DMSO) or 1 M cicaprost at 37°C for 3 h. Firefl y and renilla luciferase activity was assayed 52 h post-transfection using the Dual Luciferase Assay System®, and cAMP levels generated in vehicle-or cicaprost-treated cells were measured expressed as a ratio (RLUs) or as fold-inductions in cAMP accumulation.
Western blot analysis
Ectopic expression of the constitutively active SREBP proteins (e.g., encoded by pCMV7:SREBP1a
Ϫ 460 or pCMV7:SREBP2
Ϫ 468 ) and endogenous expression of Sp1 and SREBP1 in HEL, EA. hy926, and 1° HUVECs was confi rmed by Western blot analysis. Briefl y, whole cell protein was resolved by SDS-PAGE (10% acrylamide gels) and transferred to polyvinylidene difl uoride membrane according to standard methodology. Membranes were screened using anti-FLAG, anti-Sp1, and anti-SREBP1 sera in 5% nonfat dried milk in 1× TBS (0.01 M Tris-HCl, 0.1 M NaCl [pH 7.4]) for 2 h at room temperature followed by washing and screening using goat anti-rabbit HRP followed by chemiluminescence detection. To confi rm uniform protein loading, the blots were stripped and rescreened with anti-HDJ-2 antibody (Neomarkers) to detect endogenous HDJ-2 protein expression. In all cases, the relative levels of Sp1/SREBP1 expression in NS-, LCS-, or HCS-cultured cells were normalized relative to that of the ubiquitously expressed chaperone protein HDJ-2, which served as a general protein loading control.
Chromatin immunoprecipitation analysis
Chromatin immunoprecipitation (ChIP) assays were performed as previously described ( 42 ) . Briefl y, cells (1 × 10 8 ) were grown to 70% confl uency, serum starved overnight, and cultured for 24 h in NS, LCS, or HCS as indicated. Cells were then collected by centrifugation at 2,000 g for 5 min at 4°C, washed twice in ice-cold PBS, and resuspended in 50 ml serum-free RPMI. Formaldehyde (1%)-cross linked chromatin was sonicated to generate fragments 500 bp to 1,000 bp in length, and sheared chromatin was resuspended in a fi nal volume of 6 ml lysis buffer ( 42 ) . Before immunoprecipitation, chromatin was incubated with 60 g normal rabbit IgG overnight at 4°C on a rotisserie, after which 250 l of salmon sperm DNA/protein A agarose beads (Millipore) were added, and chromatin was precleared overnight at 4°C with rotation. Thereafter, for ChIP assays, aliquots (672 µl) of the precleared chromatin were incubated with anti-SREBP1, anti-Sp1 (10 g aliquots) or, as a control, normal rabbit IgG (10 g) antibodies or in the absence of primary (1°) antibody. Precleared chromatin aliquots (270 l) were stored for use as inputs. All antibodies used for ChIP analysis were ChIPvalidated by the supplier (Santa Cruz) and have been used previously for such analyses ( 44, 45 ) . After elution of the immune complexes from the Protein A Agarose/Salmon sperm DNA (Millipore #16-157C), cross-links were reversed by incubation at 65°C overnight followed by protease digestion with proteinase K (Gibco-BRL #25530-031; 9 l of 10 mg/ml) at 45°C for 5 h. After precipitation, samples were resuspended in 50 l dH 2 O. PCR analysis was carried out using 2-3 l of ChIP sample as template or, as a positive control, with an equivalent volume of a 1:20 dilution of the input chromatin DNA. Sequences of the primers used for the ChIP PCR reactions and corresponding nucleotides within PrmIP or the LDL receptor promoter include Kin538, 5 ′ -dGAGA GGTACC ACCCTGAGACAGCCCAGG-3 ′ , Nu Ϫ 1271 to Ϫ 1243; Kin274, 5 ′ -dCTCTCAAGCTTCTCTCCAGTCTTGCCC AGGCTC -3 ′ , Nu Ϫ 807 to Ϫ 774; Kin676, 5 ′ -dGAGAGGT ACC-CAGAGAGGGTCTCTG -3 ′ , Nu Ϫ 1901 to Ϫ 1886; Kin677, 5 ′ -dCT-CTA AGCTTGGAGACTTCCATGGC -3 ′ , Nu Ϫ 1555 to Ϫ 1540; Kin1295, 5 ′ -d CGATGTCACATCGGCCGTTCG -3 ′ , Nu Ϫ 124 to primers were designed to span across an intron such that only PCR products from 1° cDNA would be amplifi ed, thereby eliminating genomic artifacts.
Alternatively, real-time quantitative (QT)-PCR analysis was performed using the Brilliant II SYBR® Green QPCR master mix system (#600828; Agilent) and spectrofl uorometric thermal cycler (Agilent) with primers designed to specifi cally amplify hIP mRNA sequences (forward, 5 ′ -GAAGGCACAGACGCACGGGA-3 ′ , Nu Ϫ 57 to Ϫ 37 of Exon 1; Kin264 and reverse, 5 ′ -GGCG-AAGGCGAAGGCATCGC-3 ′ ; Nu 294-275 of Exon 2; Kin266; 348 bp amplicon), SREBP1a mRNA sequences (forward, 5 ′ -TCAG-CGAGGCGGCTTTGGAGCAG-3 ′ ; Kin1289 and reverse, 5 ′ -CATG-TCTTCGATGTCGGTCAG-3 ′ ; Kin1290; 85 bp amplicon), SREBP1c mRNA sequences (forward, 5 ′ -GGAGGGGT AGGGCCA ACGG-CCT-3 ′ ; Kin1291 and reverse, 5 ′ -CATGTCTTCGA AAGTGC-AATCC-3 ′ ; Kin1292; 80 bp amplicon), or, as an internal control, using primers designed to amplify a 588 bp region of the human 18s rRNA gene (forward, 5 ′ -CGGCTACCACATCCAAGGAA-3 ′ ; reverse, 5 ′ -TCGTCTTCGAACCTCCGACT-3 ′ ). The levels of hIP, SREBP1a, and SREBP1c mRNA were normalized using corresponding 18s rRNA expression levels to obtain Ct values. Relative IP mRNA expression levels were then calculated using the formula 2
Ϫ ⌬ ⌬ Ct ( 43 ) . Data are presented as relative levels of mRNA expression or as mean changes in mRNA expression in cells cultured in LCS or HCS relative to those levels in control transfected (pCMV7) or NS culture conditioned cells, set to a value of 1 (relative expression ± SEM; n = 3).
Assay of luciferase activity
HEL 92.1.7 and EA.hy926 cells were cotransfected with various pGL3Basic-recombinant plasmids, encoding fi refl y luciferase, along with pRL-TK, encoding renilla luciferase, using DMRIE-C® transfection reagent as previously described ( 42 ) . In the case of the 1° HUVECs, in brief, 24 h before transfection, cells were plated in 6-well format to achieve 60-80% confl uency at time of transfection and were cotransfected with recombinant pGL3Basic-recombinant plasmids (2 µg) and pRL-TK (200 ng) using 5 µl Effectene® reagent as per the manufacturer's instructions (Qiagen). In all cell types, cells were serum starved overnight, and then the media was changed 24 h post-transfection to NS, LCS, or HCS as indicated. Firefl y and renilla luciferase activity was assayed 24 h later (48 h post-transfection) using the Dual Luciferase Assay System®. To investigate the effect of overexpression of constitutively active forms of SREBP1a and SREBP2 on PrmIP6-directed luciferase expression, pCMV7 recombinant plasmids encoding FLAG-tagged forms of SREBP1a Ϫ 460 or SREBP2
Ϫ 468 (0-2.0 g; ATCC) or, as a negative control, pCMV7, were transiently transfected into HEL, EA. hy926, or 1° HUVECs, as described above, along with recombinant pGL3B:PrmIP6. Firefl y and renilla luciferase activity was assayed after 48 h using the Dual Luciferase Assay System®. Relative fi refl y to renilla luciferase activities (arbitrary units) were calculated as a ratio and were expressed in relative luciferase units (RLUs). A gene reporter assay system based on use of cAMP-responsive promoter containing a cAMP-response element (CRE) was performed to investigate agonist-induced changes in the intracellular cAMP levels, essentially as described ( 32 ) . In brief, the luciferase reporter plasmid pCRE-Luc (1 g; Agilent) was cotransfected with 50 ng pRL-TK into 1° HUVECs, EA.hy926, and HEL cells. In all cell types, cells were serum starved overnight, and then the media was changed 24 h post-transfection to NS, LCS, or HCS and cultured for a further 24 h. Where indicated, cells were incubated with vehicle (V; PBS, 0.01% EtOH) or Ly294002 
RESULTS

Cholesterol regulation of human IP expression in EA.hy926 and HEL cells
Some of the clinical benefi ts of low LDL-cholesterol within the CV system have been linked with improvements in endothelium-dependent effects of prostacyclin and nitric oxide ( 3, 33 ) . Moreover, reductions in LDL-cholesterol leads to dose-dependent increases in prostacyclin generation through its transcriptional up-regulation of COX2, involving binding of the cholesterol-responsive SREBP1a to a sterol response element (SRE) within the COX2 promoter ( 39 ) . Hence, the purpose of this study was to investigate whether cholesterol may regulate hIP expression, obtaining additional mechanistic insights into some of the cardio-protective effects of reduced LDL-cholesterol through its regulation of prostacyclin synthesis and function.
Initially, RT-PCR analysis was used to examine possible regulation of hIP mRNA expression by cholesterol in the human endothelial EA.hy926 ( Fig. 1A ) and megakaryocytic HEL 92.1.7 (supplementary Fig. IA ) cell lines, where the nonresponsive GA3 ′ PDH transcript served as controls. More specifi cally, to monitor responsiveness to cholesterol, cells were cultured in media containing NS (10% FBS), LCS (10% delipidated FBS), or HCS (10% FBS supplemented with 10 µg/ml cholesterol and 1 µg/ml 25-hydroxycholesterol), essentially as previously described ( 39 ) . Previous studies have defi ned the hIP promoter, hereafter denoted PrmIP, as nucleotides Ϫ 2449 to Ϫ 772 relative to the translational start codon (+1) within the hIP gene ( 42 ) . Herein, genetic reporter assays were used to examine PrmIP-directed luciferase gene expression as a function of serum cholesterol levels (NS, LCS, or HCS). Culturing of EA.hy926 and HEL cells in LCS led to 3-fold ( P < 0.0001) and 1.4-fold ( P = 0.006) inductions in PrmIPdirected luciferase gene expression, respectively, relative to those levels in NS ( The hIP is primarily coupled to Gs-mediated adenylyl cyclase activation, leading to agonist-dependent increases in cAMP generation ( 2 ) . Hence, the effect of culturing EA.hy926 and HEL cells in NS, LCS, or HCS on agonistinduced cAMP generation after stimulation of cells with the selective IP agonist cicaprost was also examined. Culturing Ϫ 103 ( 46 ); and Kin1296, 5 ′ -d CACGACCTGCTGTGTCCTAGCT-GGAA -3 ′ , Nu +29 to +55 ( 46 ) .
Alternatively, for quantitation of the relative abundance of the PCR products derived from the individual test or control immunoprecipitates relative to that of the products derived from the respective input chromatins, real-time QT-PCR reactions were carried out for the same number of cycles (typically 35 cycles) using the Agilent MX3005P QPCR system to obtain cycle threshold (Ct) values. Changes in relative PCR product intensities were then calculated using the Relative Quantifi cation method using the formula 2 Ϫ ⌬ ⌬ Ct ( 43 ) . Data are presented as mean product intensities of the individual test or control immunoprecipitates expressed as a percentage relative to those derived from the corresponding input chromatins. For all ChIP-based experiments, the PCR (semi-quantitative and real-time QT-PCR) data presented were obtained from at least three independent ChIP immunoprecipitations using chromatin extracted on at least three occasions rather than from triplicate PCRs using chromatin precipitated from single ChIP experiments.
Immunofl uorescence microscopy
To examine hIP expression, 1° HUVECs were grown on poly-L-lysine-treated coverslips in 6-well plates. Cells were then serum starved overnight and subsequently cultured for 24 h in HCS; NS; NS:LCS (3:1), 7.5% NS and 2.5% LCS; NS:LCS (1:1), 5% NS and 5% LCS; or LCS. Thereafter, cells were fi xed using 3.7% paraformaldehyde in PBS (pH 7.4) for 15 min at RT before washing in PBS. Cells were permeabilized by incubation with 0.2% Triton X-100 in PBS for 10 min on ice followed by washing in TBS. Nonspecifi c sites were blocked by incubating cells with 1% BSA in TBS (pH 7.4) for 1 h at RT. Cells were incubated with the affi nity-purifi ed rabbit polyclonal anti-hIP antibody (1:500; 1% BSA in TBS) ( 32 ) to label the hIP for 1 h at room temperature. As additional controls, the anti-hIP antibody was preincubated with its cognate antigenic peptide, corresponding to intracellular loop (IC) 2 of the hIP (10 g/ml) before exposure to cells in LCS media. The primary antibody solution was removed, and cells were washed with TBS followed by a further incubation with 1% BSA in TBS-T for 30 min. Cells were then incubated with AlexaFluor488 goat anti-rabbit IgG secondary antibody (1:2,000; 1% BSA in TBS-T) for 1 h at RT to detect the IP receptor. After washing, all slides were counterstained with 4 ′ ,6-diamidino-2-phenylindole (DAPI; 1 µg/ml in H 2 O) before mounting coverslips in DakoCytomation (Denmark) fl uorescence mounting medium. Imaging was carried out using the Zeiss Axioplan 2 microscope and Axioplan Version 4.4 imaging software. Data presented are representative images for at least three independent experiments from which at least 10 fi elds were viewed at 63× magnifi cation, where the horizontal bar represents 10 µM. Endogenous hIP expression was analyzed and normalized against DAPI nuclear staining using ImageJ software integrated density analysis, and data are presented as mean changes in hIP expression in cells cultured in LCS, NS:LCS (3:1 and 1:1,) or HCS relative to those levels in NS culture conditioned cells, set to a value of 100% (relative expression ± SEM; n = 3).
Statistical analysis
Statistical analyses of differences were carried out using the unpaired Student's t -test or one-way ANOVA followed by post hoc Dunnett's multiple comparison t tests using GraphPad Prism, version 4.00. All values are expressed as mean ± SEM. P values р 0.05 were considered to indicate statistically signifi cant differences, and, as relevant, *, **, *** and **** indicate p р 0.05, 0.01, 0.001 and 0.0001, respectively. to Ϫ 1704 in EA.hy926 cells cultured under basal conditions in NS ( Fig. 2A ). In cells cultured in LCS, cholesterol depletion resulted in ‫ف‬ 3-fold inductions in luciferase expression directed by the PrmIP-, PrmIP1-, PrmIP2-, PrmIP3-, PrmIP4-, PrmIP5-, and PrmIP6-subfragments ( P < 0.0001 in all cases) ( Fig. 2A ) but did not affect luciferase expression directed by the smallest PrmIP7 subfragment devoid of the core promoter region. More specifi cally, deletion of nucleotides Ϫ 1042 to Ϫ 917 completely abrogated the increased PrmIP-directed luciferase gene expression observed on culturing EA.hy926 cells in LCS and thereby localized the cholesterol-responsive region to the proximal core promoter region of PrmIP ( Fig. 2A ) . Similarly, and consistent with previous reports ( 32, 42, 47 ) , culturing HEL cells under basal conditions in NS confi rmed that the core promoter was localized to Ϫ 1042 to Ϫ 917 but that an URR in this cell type was identifi ed between Ϫ 1524 and Ϫ 1293, as opposed to the functional URR identifi ed in EA.hy926 cells between Ϫ 1783 to Ϫ 1704 (compare NS data in supplementary Fig. IIA with Fig. 2A ). However, it was found that culturing of HEL cells in LCS led to 1.4fold inductions in luciferase expression by PrmIP and by each of its subfragments PrmIP1-PrmIP6 but not by the smallest subfragment PrmIP7 (supplementary Fig. IIA ).
EA.hy926 ( P = 0.0021; ANOVA) ( Fig. 1D , E ) and HEL ( P = 0.003; ANOVA) (supplementary Fig. ID , E) cells in LCS also resulted in approximately 3-fold increases in agonist (cicaprost)-induced cAMP generation relative to that in NS or HCS, confi rming functional increases in hIP expression in response to reduced serum cholesterol in both cell types.
Taken together, these data establish that depletion of serum cholesterol infl uences hIP gene expression through up-regulation of hIP mRNA, PrmIP-directed gene expression, and enhancing functional expression of the hIP, promoting agonist-induced cAMP generation in cultured vascular ECs and in megakaryocytic HEL cells and that this occurs at the transcriptional level in both cell types.
Identifi cation of a functional SRE within the PrmIP
Thereafter, 5 ′ deletional analysis of PrmIP in combination with genetic reporter analyses was used to localize the cholesterol-responsive region(s) within PrmIP in EA.hy926 and HEL cells. Initially, consistent with previously reported data ( 32, 42 ) , progressive 5 ′ deletion of PrmIP identifi ed the "core promoter," defi ned as the minimal promoter unit required for basal transcriptional activity, at Ϫ 1042 to Ϫ 917 and an upstream repressor region (URR) at Ϫ 1783 It has been previously established that hIP gene expression is transcriptionally regulated by the coordinate binding of Sp1, PU.1, and Oct-1 to their cis -acting elements within the core promoter region of PrmIP ( 42 ) . Herein, bioinformatic analyses ( 48 ) also revealed a putative sterol response element (SRE) within the core promoter, where the 5 ′ nucleotide of the SRE is at Ϫ 937 ( Fig. 2B ). Moreover, the SRE element is evolutionary conserved ( Fig. 2B ) , and, by way of example, 9/10 residues of the SRE in the hIP gene are identical to those of the consensus SRE of the HMG-CoA synthase gene ( Fig. 2C ). Hence, luciferase expression directed by PrmIP and by PrmIP6, the smallest subfragment containing the cholesterol-responsive core promoter, or directed by PrmIP6 derivatives carrying mutated SP1*, PU.1*, Oct-1*, and SRE* cis -acting elements was examined after culturing EA.hy926 cells in NS and LCS. In LCS, there were 3-fold inductions in luciferase expression directed by PrmIP and PrmIP6 ( P < 0.0001 in each case) ( Fig. 2D , E ). Consistent with previous reports ( 42 ) , mutation of the individual PU.1*, Oct-1*, and Sp1* elements in PrmIP6 led to signifi cant reductions in luciferase expression in EA.hy926 cells cultured in NS ( Fig.  2D ). However, the PU.1* and Oct-1* mutations did not affect the LCS induction of PrmIP6-mediated luciferase expression in EA.hy926 cells cultured in LCS (3-fold increases; P < 0.0001 in each case) ( Fig. 2D, E ) . In contrast to this, mutational disruption of the Sp1* element in PrmIP6 led to a modest but signifi cant effect, reducing the induction in luciferase gene expression observed in LCS from 3-fold by PrmIP6 to 2.7-fold by the equivalent PrmIP6 subfragment containing the mutated Sp1* ( P < 0.002) ( Fig. 2D, E ) . Although mutation of the SRE* element involved in cholesterol homeostasis ( 52 ) . In general, SREBPs remain sequestered in the endoplasmic reticulum, where they exist as transcriptionally inactive precursors complexed with SREBP cleavage-activating protein.
Under low-cholesterol conditions, SREBP cleavage-activating protein escorts the SREBP to the Golgi apparatus, where it is cleaved by two specifi c proteases-site 1 protease (S1P) and S2P-releasing the cleaved N-terminal basic helix-loop-helix leucine zipper (bHLH-LZ) domains of the given SREBP. The transcriptionally active bHLH-LZ domains translocate to the nucleus where they transactivate gene expression by binding to SREs within target promoters ( 51, 53, 54 ) .
Hence, the specifi city of SREBP1a or SREBP2 to regulate PrmIP-directed gene expression was investigated by ectopic expression of the constitutively active SREBP1a Ϫ 460 and SREBP2 Ϫ 468 , corresponding to their aforementioned bHLH-LZ domains, respectively ( 55 ) . Overexpression of constitutively active SREBP1a Ϫ 460 , but not SREBP2
Ϫ 468 , substantially increased hIP mRNA expression in EA.hy926 ( P < 0.0001) ( Fig. 3A and supplementary Fig. IIIA ) and HEL cells (supplementary Fig. IIIB, C) when cultured in NS. Consistent with these fi ndings, overexpression of SREBP1a Ϫ 460 , but not SREBP2 Ϫ 468 , resulted in 3.5-fold and 3-fold inductions in PrmIP-and PrmIP Sp1* -directed luciferase expression in EA.hy926 cells ( P < 0.0001) ( Fig. 3C ) and in HEL cells ( P < 0.0001) (supplementary Fig. IIID) , respectively. Furthermore, neither the constitutively active SREBP1a Ϫ 460 nor SREBP2
Ϫ 468 had any effect on reporter gene expression directed by PrmIP6 subfragments containing the mutated SRE* or PrmIP7 in EA.hy 296 cells ( Fig. 3C ) or in HEL cells (supplementary Fig. IIID) . In all within PrmIP6 did not affect luciferase gene expression in EA.hy926 cells cultured in NS (basal data), it reduced the enhanced expression/induction in LCS from 3-fold by PrmIP6 to 1.3-fold by the equivalent PrmIP6 subfragment carrying the mutated SRE* element ( P < 0.047) ( Fig. 2D, E ) . Furthermore, combined mutation of the SRE* and Sp1* elements in PrmIP6 completely abolished the induction in luciferase expression in LCS ( P < 0.827) ( Fig. 2D, E ) . Similarly, these data in EA.hy926 cells were fully corroborated by studies in HEL cells, whereby it was established that disruption of the SRE, and to a lesser extent the Sp1 elements, impaired the LCS-mediated induction of PrmIP6-directed reporter gene expression, whereas mutation of the PU.1 or the Oct1 elements had no signifi cant affect (supplementary Fig. IIB, C) . Taken together, these data have identifi ed a consensus SRE, located at Ϫ 937 within the core promoter, that is critical for increased PrmIP-directed gene expression that occurs after culturing of EA.hy926 or HEL cells in LCS-containing media. Furthermore, it has identifi ed a minor role for Sp1 in this regulation in both cell types.
Determination of SREBP Specifi city
In general, the lipid-responsive SREBP-1 and -2 act as master regulators of a host of hepatic and extrahepatic genes associated with lipid metabolism, including uptake and/or de novo synthesis of cholesterol ( 49, 50 ) . SREBP-1a is a strong transcriptional activator of many cholesterolresponsive genes, whereas its splice variant SREBP1c has a shorter transactivation domain and therefore is less transcriptionally active ( 51 ) . SREBP2 is encoded by a distinct gene and preferentially regulates expression of genes the control ChIPs generated using preimmune IgG or noantibody control precipitates ( Fig. 4A , middle panel) . Similarly, this was the case for the Sp1 ChIP assays using chromatin from EA.hy926 cells cultured in HCS and LCS ( Fig. 4A , top and bottom panels, respectively). Furthermore, real-time QT-PCR confi rmed that there was no difference in the relative abundance of the amplicons generated from the Sp1 ChIP assays using the primers surrounding the core promoter region, regardless of whether the EA.hy926 cells were cultured in NS, HCS, or LCS media ( Fig. 4B ) . In contrast, the anti -SREBP1 ChIP assays yielded specifi c amplicons from chromatin recovered from EA.hy926 cells cultured in NS and LCS but not in HCS ( Fig. 4A ) , whereas real-time quantitative PCR confi rmed that the relative abundance of amplicons generated from cells cultured in LCS was 1.5-fold greater in those cultured in NS ( P = 0.0057) ( Fig. 4C ). Additionally, PCR analysis using the control primers to amplify the upstream genomic region, 5 ′ of the core promoter region, did not generate amplicons from the anti -Sp1 or anti -SREBP1 ChIP assays, irrespective of how the EA.hy926 cells were cultured, be it in NS, LCS, or HCS ( Fig. 4D ). Furthermore, as cases, Western blot analysis confi rmed that SREBP1a Ϫ 460 and SREBP2 Ϫ 468 were overexpressed, and to equivalent levels, in EA.hy926 and HEL cells, where back blotting for the ubiquitously expressed HDJ-2 chaperone protein confi rmed uniform protein loading in both cell types ( Fig. 3B and data not shown, respectively).
To investigate whether endogenous SREBP1 can bind in vivo to the SRE within the core promoter region, chromatin immunoprecipitation (ChIP) assays were carried out on chromatin extracted from EA.hy926 cells cultured in NS, LCS, or HCS media using anti -SREBP1 antibodies and PCR primers to amplify the region surrounding the SRE and Sp1 cis -elements within PrmIP or, as controls, to amplify a genomic region located ‫ف‬ 2 kB upstream of the core promoter ( Fig. 4A , schematic) . In parallel, due to the role of Sp1 in basal ( 42 ) and LCS-induced gene expression by the PrmIP ( Fig. 2D, E ) , similar ChIP assays were carried out using an anti -Sp1 specifi c antibody. In EA. hy926 cells cultured in NS, and consistent with previously reported data ( 42 ) , ChIP assays yielded specifi c PCR amplicons from the input chromatin and chromatin recovered from the anti -Sp1 immunoprecipitates but not from in LCS (2.1-fold; P = 0.003) ( Fig. 5A ) , an effect completely abrogated by preincubation with ActD but not CHX ( Fig. 5A ). Culturing 1° HUVECs in LCS also resulted in 2-to 3-fold increases in agonist (cicaprost)-induced cAMP generation relative to that in NS or HCS ( P = 0.0024 [ANOVA]) ( Fig. 5B, C ) , confi rming functional increases in hIP expression in response to reduced serum cholesterol. Furthermore, this effect was greatly diminished in the presence of Ly294002, a phosphatidylinositol 3 kinase inhibitor known to inhibit SREBP activation (increased processing from the membrane bound precursor form to the mature transcription factor) in response to reduced cholesterol levels ( P = 0.0031) ( Fig. 5B, C ) ( 57, 58 ) . Consistent with these fi ndings, there was also a 2-fold induction in PrmIP-directed reporter gene expression in 1° HUVECs cultured in LCS ( P < 0.0001), whereas luciferase expression was not signifi cantly different in HCS ( P = 0.231) relative to that in NS culture media ( Fig. 5D ). Consistent with data in EA.hy926 and HEL cells, mutation of the SRE* and Sp1* elements substantially impaired the LCS-induction of luciferase expression in 1° HUVECs, whereas mutation of both cis -acting elements within PrmIP6 was required to completely abrogate that induction ( Fig. 5D ). Furthermore, as previously reported, ectopic expression of constitutively active SREBP1a Ϫ 460 led to greater than 2-fold inductions in hIP mRNA expression ( P = 0.0034) ( Fig. 5A ) and PrmIP-directed luciferase activity ( P = 0.004) ( Fig. 5D ) in 1° HUVECs, whereas SREBP2
Ϫ 468 had no effect on hIP mRNA or PrmIP-directed gene expression levels ( Fig. 5A,  D ) . Immunoblot analysis confi rmed that SREBP1a Ϫ 460 and SREBP2
Ϫ 468 were overexpressed and to equivalent levels in the 1° HUVECs (supplementary Fig. VA) . Moreover, ChIP analysis demonstrated that endogenous SREBP1 is capable of directly binding to the core promoter region of PrmIP in vivo in 1° HUVECs cultured in NS and LCS, but not in HCS ( Fig. 5E, G ) , and that the enhanced binding in LCS can be explained by the increased levels of the cleaved transcriptionally active form of SREBP1 available for binding ( Fig. 5J and supplementary Fig. VB ). Furthermore, ChIP analyses confi rmed binding of Sp1 and SREBP1 to the cholesterol-responsive LDL receptor promoter in vivo to chromatin-extracted 1° HUVECs cultured in LCS ( Fig. 5I ) , consistent with the cooperative transcriptional regulation of the LDL receptor expression by SREBP1 and Sp1 ( 56 ), and real-time quantitative RT-PCR established that SREBP1a, and not SREBP1c, is the predominant SREBP1 isoform expressed in 1° HUVECs (supplementary Fig. VC) . Indirect immunofl uorescent staining with an affi nitypurifi ed anti -IP antisera directed to the intracellular (IC) 2 domain of the hIP ( 32 ) confi rmed endogenous expression of the hIP, located predominantly at the plasma membrane, in 1° HUVECs with no signifi cant difference in the levels of expression when cells were cultured in HCS or NS (Fig. 5Ki, Kii and supplementary Fig. VD) . In contrast, as indicated in Fig. 5Kii-5Kv , culturing the 1° HUVECs with increasing ratios of LCS relative to decreasing NS, thereby gradually depleting cholesterol levels, resulted in dose-dependent increases in hIP expression levels ( Fig. 5K and  supplementary Fig. VD) . Furthermore, consistent with an additional positive control for the ChIP assays, amplicons for the cholesterol-responsive LDL receptor promoter were obtained from the anti -Sp1 or anti -SREBP1 precipitated chromatin from EA.hy926 cells cultured in LCS ( Fig. 4E ) . These data are consistent with the fact that SREBP1 and Sp1 are known to play a cooperative role in regulating LDL receptor gene expression in response to cholesterol ( 56 ) , similar to that discovered to occur herein for the hIP gene.
Failure to generate specifi c amplicons based on the core promoter region of PrmIP in the SREBP ChIP assays from cells cultured in HCS can be explained by examination of the forms of SREPB1 expressed in EA.hy926 cells cultured in HCS and LCS relative to that in NS ( Fig. 4F and supplementary Fig. IVB) . More specifi cally, in HCS, SREBP1 is almost exclusively expressed as the transcriptionally inactive precursor form, which cannot bind to DNA ( ‫ف‬ 125 kDa) ( Fig. 4F ) , whereas in NS both the precursor and proteolytically cleaved, transcriptionally active form ( ‫ف‬ 68 kDa) are present, accounting for its ability to bind the SRE within the core PrmIP ( Fig. 4F ) . In contrast to this, in LCS, SREBP1 is almost exclusively expressed as the cleaved, transcriptionally active form ( Fig. 4F and supplementary  Fig. IVB) , accounting for its enhanced binding to the SRE, as identifi ed in the SREBP1 ChIP assays ( Fig. 4A, C ) . In contrast, Sp1 expression levels were unaffected, irrespective of whether cells were culture in NS, LCS, or HCS media ( Fig. 4A and supplementary Fig. IVA) . Furthermore, these data in EA.hy926 cells ( Fig. 4 ) were fully corroborated by similar fi ndings in HEL cells (data not shown) and in 1° HUVECs (described below) ( Fig. 5 ).
Although the experimental data presented thus far clearly suggest that SREBP1, but not SREBP2, plays a specifi c role in regulating hIP expression in EA.hy926 and HEL cells ( Fig. 3 and supplementary Fig. III, respectively) , because of a lack of anti -SREBP1 antibody specifi city, these data cannot discriminate between SREBP1a versus SREBP1c in mediating these effects. To address this, real-time QT-PCR was used to determine the relative levels of SREBP1a and SREBP1c expression in EA.hy926 and HEL cells and established that SREBP1a is the predominant SREBP1 isoform expressed, with only low levels of SREBP1c expression detected in both cell types (supplementary Fig. IVC, D, respectively) .
Taken together, these data confi rm that SREBP1, but not SREBP2, specifi cally binds to a functional SRE within the hIP promoter to mediate LCS induction of hIP mRNA, PrmIP -expression, and agonist-induced cAMP generation in EA.hy926 and HEL cells, where the more transcriptionally active SREBP1a is the predominant SREBP1 member expressed in both cell types.
Cholesterol regulation of hIP expression in 1° HUVECs
We investigated whether the observed cholesterol-responsive, SREBP1-mediated induction of hIP mRNA and of PrmIP-directed gene expression occurs in a more physiologically relevant model of vascular endothelial cells, namely in primary HUVECs (1° HUVECs).
In a well-recognized risk factor ( 59, 60 ) . Analysis of the effects of cholesterol and fatty acids on hepatic gene expression led to the discovery of a family of membrane-bound transcription factors named SREBPs and identifi ed them as the master regulators of lipid homeostasis ( 54 ) . Family members SREBP1a and SREBP1c are known to activate genes involved in regulating general lipid metabolism, whereas SREBP2 regulates expression of genes involved in cholesterol homeostasis ( 53, 54 ) . Although numerous transcriptional targets of SREBPs have been identifi ed, little is known about their effects on expression of genes in extrahepatic tissues or genes not directly associated with lipid homeostasis. The fi nding that endothelial prostacyclin levels may be increased by the cholesterol-responsive SREBP1 through its transcriptional up-regulation of COX2 was the fi rst demonstration that the SREBP-mediated pathway(s) are present in vascular tissue ( 38, 39 ) . However, despite the fact that cholesterol depletion leads to SREBP-COX2-mediated increases in prostacyclin generation to enhance endothelium-dependent vasodilator capacity but without corresponding increases in COX1 or prostacyclin synthase levels, up until this current study it was unknown whether serum cholesterol infl uences IP expression to accommodate the increased vasodilatory responses.
Culturing of cells in low-serum cholesterol led to substantial up-regulation of hIP mRNA, increased PrmIP-derived gene expression, and hIP-induced cAMP generation in model vascular endothelial (EA.hy926) and megakaryocytic (HEL 92.1.7) cells and in 1° HUVECs. The transcriptional inhibitor ActD, but not the translational inhibitor CHX, completely abrogated the effects of cholesterol depletion, whereas elevated cholesterol (HCS) did not substantially affect hIP gene expression in any of the cell types under study. Furthermore, immunofl uorescence microscopy corroborated these fi ndings and showed that, in 1° HUVECs, hIP expression was increased in a dose-dependent manner in response to decreasing cholesterol conditions. Collectively, these data identify the hIP gene as a bona fi de target for reduced cholesterol previous reports ( 42 ) , the antigenic IC 2 peptide completely blocked immune detection of the hIP, thereby validating the antibody specifi city (Figure 5Kvi and supplementary Fig. VD) .
Collectively, the data presented herein establish that hIP expression is substantially up-regulated in response to serum cholesterol depletion in several cell lineages derived from the human vasculature, including in model vascular endothelial and megakaryocytic lines and in 1° HUVECs, and that this occurs through the direct binding of SREBP1a to a functional SRE element discovered within the core promoter region of the hIP gene. Such up-regulation of the hIP expression by SREBP1 in situations of low cholesterol may provide, at least in part, a molecular explanation as to the role of endothelial derived factors, in this case the prostacyclin/hIP signaling paradigm, in protecting against coronary artery disease. tional up-regulation of the hIP, the effect of ectopic expression of constitutively active SREBP1a and SREBP2, encoding their bHLH-LZ domains, was investigated. In all cell types, overexpression of SREBP1a Ϫ 460 , but not SREBP2 Ϫ 468 , led to substantial increases in hIP mRNA levels and PrmIP-directed luciferase activity, strongly suggesting an SREBP1-specifi c mechanism. Moreover, inhibition of SREBP activation using a phosphatidylinositol 3 kinase inhibitor greatly abrogated the effects of reduced serum cholesterol on agonist-induced cAMP generation. These data are fully consistent with previous studies showing SREBP1-dependent, but not SREBP2-dependent, transactivation of the LDLR and COX2 promoters and with the fact that SREBP1 is the predominant form expressed in endothelial cells ( 39, 64 ) . Although RT-PCR analyses suggested that SREBP1a, as opposed to SREBP1c, is the predominant SREBP1 member expressed in the vascular endothelial and megakaryocytic cells investigated herein, the studies do not exclude a possible role for SREBP1c in regulating IP expression in other cell or, more likely, tissue types where it is highly regulated and known to play a more predominant role ( 49, 65 ) .
DISCUSSION
SREBPs often cooperate with other DNA-binding proteins to achieve maximal transcriptional activation. For example, NF-Y and CREB cooperate with SREBP1 to regulate the HMG-CoA reductase gene, whereas SREBP1 cooperates with Sp1 to activate the LDL receptor gene ( 56, 66, 67 ) . Furthermore, SREBP1 and Sp1 have been identifi ed regulation and that this regulation occurs at the transcriptional level.
SREBPs are members of the bHLH-LZ class of transcription factors and bind as dimers to a direct repeat "E-box" element referred to as a sterol response element (5 ′ -ATCACCCCAC-3 ′ ) ( Fig. 2C ) ( 41, 61 ) . The fi rst well-characterized functional SRE was that of the human LDL receptor gene promoter ( 62 ) , which was then used for affi nity purifi cation and subsequent cloning of the SREBP trans-acting factor ( 63 ) . The site of cholesterol-responsiveness was localized to Ϫ 1042 to Ϫ 917 within the PrmIP, and bioinformatic analysis revealed a near-perfect consensus 10-bp SRE at Ϫ 937 ( Fig. 2B, C ) . Genetic reporter analysis revealed that the effects of cholesterol depletion, namely increased PrmIP-directed gene expression, were significantly impaired when the SRE was mutated or disrupted. These data established that the SRE within the PrmIP is fully functional and essential for the regulation of hIP expression in response to serum cholesterol. Furthermore, the SRE was found to be highly conserved in a host of other species, including in the canine, bovine, and rodent IP promoters ( Fig. 2B ) .
Genome-wide binding profi les for SREBP1 versus SREBP2 in hepatic chromatin revealed that only 11.7% of their binding sites overlap and that any genes sharing common binding sites are predominantly associated with lipid metabolism ( 61 ) . To determine any possible SREBP subtype specifi city in the low-cholesterol-mediated transcrip- Fig. 6 . A: Model of SREBP1 regulation of hIP expression. During cholesterol depletion, when the cellular level of sterols drops, the SREBP1a precursor protein is transported to the Golgi apparatus, where it is fi rst cleaved by site-1 protease (S1P) (scissors) and then by S2P (scissors). The liberated, transcriptionally active bHLH-LZ domain of SREBP1a travels to the nucleus and directs the transcription of target genes through binding to SREs within their specifi c promoter regions. Herein, it was established that hIP mRNA levels and PrmIP-directed gene expression are signifi cantly increased in low-serum cholesterol through a transcriptional mechanism involving binding of Sp1 and SREBP1a, but not SREBP2, to their adjacent consensus elements within the core PrmIP. B: Transcriptional regulation of the hIP gene. Schematic of the promoter region (PrmIP) of the hIP receptor gene. Along with other general components (e.g., RNA polymerase II, TBD, and TFIID) of the transcriptional apparatus, Sp-1, PU.1, Oct-1, and C/EBP ␦ are recognized trans -acting factors that regulate expression of the hIP under basal conditions ( 42, 47 ) . Also shown in the schematic are the evolutionary conserved estrogen response element (ERE) and sterol response element (SRE), which participate in direct ER ␣ -dependent and SREBP1-dependent induction of hIP gene expression in response to estrogen ( 32 ) investigated herein, clearly suggests that low cholesterol levels, or indeed cholesterol-lowering agents, may also elevate IP expression in platelets and may thereby confer added antithrombotic benefi ts in addition to the endothelial benefi ts, such as in reducing the risk of coronary artery disease.
as the two major transcription activators of the fatty acid synthase gene ( FASN ), one of the key enzymes in fatty acid synthesis ( 68 ) . Critically, regulation by these additional trans -acting factors permits modulation of SREBP's transcriptional activity independently of its sterol-regulated proteolytic processing ( Fig. 6A ). In addition to the functional SRE identifi ed herein, a previously described Sp1 element lies in close proximity within the core promoter region of PrmIP that is essential for basal hIP gene expression ( 42 ) . As stated, mutational disruption of the SRE alone signifi cantly impaired the low cholesterol-inductions of PrmIP-directed gene expression. Mutation of the SRE and Sp1 cis -elements was necessary to completely abrogate the low-cholesterol induction, suggesting a role for Sp1 in regulating PrmIP in response to cholesterol levels in addition to its established role within the core promoter in regulating basal hIP expression ( 42 ) . Moreover, ChIP analysis confi rmed that endogenous Sp1 and SREBP1 bind in vivo to chromatin in close proximity to each other within the core region of PrmIP. Although the levels of Sp1 expression and binding were unchanged in response to altered cholesterol levels, SREBP1 occupancy did not occur in high-cholesterol serum but increased substantially after its depletion in low-cholesterol serum. These fi ndings most likely refl ect the elevated levels of the proteolytically cleaved, transcriptionally active SREBP1 available for binding in low-cholesterol conditions. Collectively, these data provide evidence of a coordinated role between SREBP1 and Sp1 in mediating the cholesterol regulation of hIP gene expression.
Recent studies have established central roles for Sp1, PU.1, Oct-1, and C/EBP ␦ in the transcriptional regulation of the hIP gene ( Fig. 6B) ( 42, 47 ) . In an additional study, an evolutionary conserved estrogen response element was also located within an upstream region of the human PrmIP that was found to be critical for regulation of the hIP in response to estrogen ( Fig. 6B) ( 32 ) . Herein, we have identifi ed an evolutionary conserved cis -acting SRE critical for the transcriptional regulation of the hIP in model and primary cell lineages derived from the human vasculature and confi rmed that the hIP gene is regulated by cholesterol depletion through a direct SREBP1-SRE-dependent transcriptional mechanism, with a possible coordinate role, albeit minor, for Sp1. Collectively, these cell-based studies provide an important molecular and genetic platform for understanding the critical role of the hIP as a potential mediator, at least in part, of the effects of estrogen ( 32 ) but also of reduced cholesterol levels to the mechanisms of cardioprotection. The data also provide additional critical insights into the transcriptional regulation of the IP gene and for understanding the many diverse functions of prostacyclin and the hIP and may explain, at least in part, some of pleiotropic benefi cial effects of cholesterol-lowering agents within the vasculature. Furthermore, in addition to the proposed endothelial benefi ts, the fact that the hIP is also up-regulated by low cholesterol in the platelet progenitor megakaryocytic HEL cell line, albeit to a lesser extent than in either endothelial cell type The authors of " Diversity and function of membrane glycerophospholipids generated by the remodeling pathway in mammalian cells " ( J. Lipid Res . 2014. 55: 799 -807 ) have advised that they inadvertently introduced errors into their Table 1 . The corrected text is shown in bold in the shaded area in the table below. ERRATUM DOI 10.1194/jlr.R046094ERR
